Stimulus novelty or deviance may be especially salient in anxietyrelated states due to sensitization to environmental change, a key symptom of anxiety disorders such as posttraumatic stress disorder (PTSD). We aimed to identify human brain regions that show potentiated responses to stimulus deviance during anticipatory anxiety. Twenty participants (14 men) were presented a passive oddball auditory task in which they were exposed to uniform auditory stimulation of tones with occasional deviations in tone frequency, a procedure that elicits the mismatch negativity (MMN) and its magnetic counterpart (MMNm). These stimuli were presented during threat periods when participants anticipated unpleasant electric shocks, and safe periods when no shocks were anticipated. Neuromagnetic data were collected with a 275-channel whole-head MEG system and eventrelated beamformer analyses were conducted to estimate source power across the brain in response to stimulus deviance. Source analyses revealed greater right auditory and inferior parietal activity to stimulus deviance under threat relative to safe conditions, consistent with locations of MMN and MMNm sources identified in other studies. Structures related to evaluation of threat, left amygdala and right insula, also showed increased activity to stimulus deviance under threat. As anxiety level increased across participants, right and left auditory cortical as well as right amygdala activity increased to stimulus deviance. These findings fit with evidence of a potentiated MMN in PTSD relative to healthy controls, and warrant closer evaluation of how these structures might form a functional network mediating sensitization to stimulus deviance during anticipatory anxiety.
Stimulus novelty or deviance may be especially salient in anxietyrelated states due to sensitization to environmental change, a key symptom of anxiety disorders such as posttraumatic stress disorder (PTSD). We aimed to identify human brain regions that show potentiated responses to stimulus deviance during anticipatory anxiety. Twenty participants (14 men) were presented a passive oddball auditory task in which they were exposed to uniform auditory stimulation of tones with occasional deviations in tone frequency, a procedure that elicits the mismatch negativity (MMN) and its magnetic counterpart (MMNm). These stimuli were presented during threat periods when participants anticipated unpleasant electric shocks, and safe periods when no shocks were anticipated. Neuromagnetic data were collected with a 275-channel whole-head MEG system and eventrelated beamformer analyses were conducted to estimate source power across the brain in response to stimulus deviance. Source analyses revealed greater right auditory and inferior parietal activity to stimulus deviance under threat relative to safe conditions, consistent with locations of MMN and MMNm sources identified in other studies. Structures related to evaluation of threat, left amygdala and right insula, also showed increased activity to stimulus deviance under threat. As anxiety level increased across participants, right and left auditory cortical as well as right amygdala activity increased to stimulus deviance. These findings fit with evidence of a potentiated MMN in PTSD relative to healthy controls, and warrant closer evaluation of how these structures might form a functional network mediating sensitization to stimulus deviance during anticipatory anxiety. © 2007 Elsevier Inc. All rights reserved.
During a state of behavioral inhibition, stimulus novelty or deviance may be especially salient, driving an organism into an extremely cautious stance and poised to activate fight-flight mechanisms based on further evaluation of the perceived danger (Blanchard et al., 2001; Gray, 1982; Gray and McNaughton, 2000) . Heightened responses to stimulus novelty may be governed by mechanisms related to sensitization processes in clinical anxiety disorders such as post-traumatic stress disorder (PTSD, American Psychiatric Association, 2000; Siegmund and Wotjak, 2006) . This study aimed to identify human brain regions that show enhanced responses to stimulus deviance during a state of anticipatory anxiety. We studied this contextspecific, increased salience of stimulus deviance in humans by using an instructed threat paradigm in which periods of potential threat (i.e., unpredictable electric shocks) and periods of safety were explicitly defined (Grillon, 2002; Grillon et al., 2004) . To characterize the neural structures involved in sensitization to stimulus deviance, we used spatially-filtered magnetoencephalography (MEG) or adaptive beamformer analyses to estimate the volumetric distribution of source power across the brain (Hillebrand et al., 2005; Robinson and Vrba, 1999) .
Our procedure consisted of a passive oddball auditory task in which participants were exposed to uniform auditory stimulation of pure tones with occasional changes in tone frequency (i.e., frequency deviants). This type of procedure elicits the classical mismatch negativity (MMN) and its magnetic counterpart (MMNm), a large deflection in evoked activity that peaks between 150 and 250 ms after the onset of the deviant stimulus (for reviews, see Naatanen et al., 2005, Naatanen and Winkler, 1999) . The MMN and MMNm are considered neural correlates of preattentive auditory discrimination or change detection as their properties are not changed by highly distracting tasks such as watching a silent movie (Naatanen and Alho, 1995) or reading a magazine (Morgan and Grillon, 1999) . Preattentive change detection may reflect the ability of the auditory system to automatically tune into and maintain the invariant qualities of the auditory environment (Cowan et al., 1993; Ritter et al., 1998; Ritter et al., 2002) .
The underlying neural generators of the MMN and MMNm have been interrogated by dipole modeling studies of event-related potential and field data and functional magnetic resonance imaging (FMRI) studies. Dipole modeling has established that the primary generators of the MMN and MMNm lie in the superior temporal plane of both hemispheres, probably in secondary and/or higher order auditory association areas such as Brodmann Areas (BA) 42 and 22 (Giard et al., 1990; Rosburg, 2003; Sams and Hari, 1991; Scherg and Berg, 1991) . Moreover, there is evidence of additional generators, particularly right-lateralized, in prefrontal and inferior parietal cortices that contribute to the MMN (Marco-Pallares et al., 2005) and MMNm (Levanen et al., 1996) . FMRI studies corroborate these dipole modeling results in showing activity in temporal cortices (Doeller et al., 2003; Liebenthal et al., 2003; Opitz et al., 2002; Wible et al., 2001) as well as in right inferior frontal and inferior parietal cortices related to detection of stimulus deviance (Molholm et al., 2005; Opitz et al., 2002) . Morgan and Grillon (1999) reported evidence that women with PTSD exhibit a larger MMN than their healthy female counterparts with the same auditory stimuli under normal resting conditions. The authors attributed this potentiated response to the chronic hypervigilance central to the pathology of PTSD (American Psychiatric Association, 2000) , which may sensitize patients to stimulus deviance. Because source analyses were not conducted, it is unknown whether the primary MMN generators showed elevated activity in the PTSD group compared to the control group and/or whether additional generators, from regions not typically involved in the MMN, contributed to group differences in the scalp-recorded potentials. Moreover, it is not conclusive whether the potentiated MMN can be causally attributed to the pathological condition or to stable individual differences in anxious reactivity that existed before onset of clinical status. Supporting this latter possibility, Hansenne et al. (2003) showed that MMN amplitude is positively correlated with individual differences in harm avoidance, an aspect of one's temperament that is related to behavioral inhibition.
We addressed these issues by exposing healthy participants to instances of stimulus deviance under a threat condition in which they anticipated aversive shocks and under a safe condition. Eventrelated beamformer analyses were conducted to estimate distributions of evoked activity across the brain to stimulus deviance under threat and safe conditions (Cheyne et al., 2006; Robinson, 2004) . We hypothesized that, under threat of unpredictable shocks, healthy participants would exhibit potentiated neural responses to stimulus deviance in regions associated with the resting MMNm (e.g., superior temporal gyrus, BA 22/42). Because frequency deviants tend to preferentially activate right auditory cortical processes (Levanen et al., 1996; Molholm et al., 2005) , we predicted that modulatory effects of anticipatory anxiety on the response to deviant auditory tones would be primarily localized to the right temporal and inferior parietal cortices. It was also hypothesized that there would be recruitment of deeper structures involved in behavioral inhibition and evaluation of threat signals (e.g., amygdala) to deviant auditory stimuli under threat of shock.
Materials and methods

Participants
Twenty healthy individuals (14 men, mean age = 28 years) participated in a single MEG session followed by an MRI session to obtain an anatomical image. Five additional participants were excluded from analysis due to equipment failure and/or excessive head movement during the MEG recording. This study was approved by the National Institute of Mental Health Institutional Review Board and all participants gave informed consent prior to participation. Participant exclusion criteria included the following: (1) past or current psychiatric disorders as per Structured Clinical Interview for DSM-IV (First et al., 1995) , (2) a medical condition that interfered with the objectives of the study per physical exam (e.g., tachycardia), (3) current use of psychoactive medications as per self-report, and (4) current use of illicit drugs determined by urine analysis.
Design and procedure
Three types of pure tones were presented binaurally via plastic tubes inserted into each ear: a standard 1000 Hz tone presented with a probability of 0.80 and two deviant frequency tones (936 and 1036 Hz), each with a probability of 0.10. Standard and deviant tones occurred at a rate of approximately 2 Hz in a pseudorandom order so that at least three standard tones were presented between deviant tones and that high and low frequency deviant tones alternated. Epochs for high and low frequency deviant tones were collapsed for the following source analyses.
In each of two runs, tones were presented to participants during alternating 30-s periods (10 times per run) in which participants were either threatened with electric shocks (threat condition) or safe from the shocks (safe condition). The order of the conditions was counterbalanced across participants. At the start of each period, participants were instructed vocally that shocks could be delivered unexpectedly at any point during the threat period (i.e., 'shock at any time in the next 30 seconds'), or that shocks would not be delivered at any point during the safe period (i.e., 'no shock at any time in the next 30 seconds, you are safe').
A single shock was delivered by a constant current stimulator with two surface electrodes attached to the right or left wrist of every participant at the end of the last threat period in the first run only. Shock intensity was set for each participant before the first run using a work-up procedure that identified individual intensity levels that were reported to be moderately uncomfortable, but not painful. Participants were told that they would receive 1-5 shocks during the recordings. Such a procedure has been shown to elicit reliable physiological signs and subjective reports of anxiety in most participants (Grillon, 2002; Grillon et al., 2004) . At the end of each run, participants verbally reported on a Likert-based scale how much overall anxiety (0-10, no anxiety-highly anxious) they felt, on average, during threat and safe periods.
Data acquisition
Neuromagnetic data were collected at 600 Hz (bandwidth: 0-150 Hz) with a CTF 275-channel whole-head system (VSM MedTech Ltd., Canada) in a magnetically shielded room (Vacuumschmelze, Germany) using active noise cancellation (i.e., synthetic 3rd gradient balancing). Three electrical coils were attached to the nasion, left preauricular and right preauricular sites of each participant. Fiducial coils were energized before and after each run to localize the participant's head with respect to the MEG sensors. Total head displacement was measured after each run and could not exceed 5 mm for inclusion into the source analyses.
In a follow-up session, we obtained a high resolution T1-weighted anatomical image (FOV = 24, 1.2 mm axial slices, matrix = 256 × 256 × 128) with a 3-Tesla whole-body scanner (GE Signa, Milwaukee, WI). Radiology markers (IZI Medical Products, Baltimore, MD) were attached to these same sites for the anatomical MRI scan to facilitate spatial coregistration of the MRI and MEG data.
Event-related beamformer analysis
We extracted 100 epochs (0-500 ms post tone onset) for deviant tones and 100 epochs for standard tones for each condition and run (100 × 2 × 2 × 2 = 800 total epochs). Standard tone epochs included only those immediately preceding a deviant frequency tone. For each run, a single covariance matrix for constructing beamformer weights was computed on these unaveraged epochs following deviant and standard tones with a wide bandwidth of 1-30 Hz. Beamformer weights were calculated with a vector lead-field calculation (Sekihara et al., 2001) in 5 mm steps across the volume, using a multi-sphere head model derived from individual participants' structural MRIs (based on brain shapes). Virtual time series data were averaged in the time domain and source activity was quantified as the log 10 ratio of power in the 150-250 ms window following deviant tones relative to the same window following standard tones, consistent with the variability in latency of the MMNm (Naatanen et al., 2005) . By directly contrasting two time windows of virtual data (i.e., deviant vs. standard), uncorrelated noise passed through the spatial filters is factored out of the resulting power ratios and therefore does not need to be explicitly estimated as done by other researchers using event-related beamformers (e.g., Cheyne et al., 2006) . It is also presumed that activity related to general auditory stimulus processing will cancel out, leaving estimates of source power related specifically to stimulus deviance. A log 10 transformation was performed to control for outliers in the distribution of power ratios within a volume. A sliding window analysis, with 50% overlap, captured differential source power, before and after the MMNm latency range, over the 0-300 ms post Group analyses were done in AFNI (Cox, 1996) after averaging volumes across runs, transforming individual averaged volumes into a common Talairach coordinate space, and normalizing voxel statistics within each source volume by scaling to the Regional activations were defined as at least 2 contiguous voxels with the probability of the average t statistic b0.05 (uncorrected). Coordinates are in Talairach space (in mm) and were identified based on the automated Talairach Daemon (Lancaster et al., 2000) . BA = Brodmann Area. ⁎ p b 0.01 (uncorrected), ⁎⁎ p b 0.001(uncorrected). standard deviation. Normalizing volumetric statistics reduces the influence of global power variability across participants, which may otherwise bias local source power estimates. One-sample t tests were conducted on power ratios against a test case of zero (i.e., H o : deviant power = standard power, or deviant-to-standard power ratio = 1) to define functional regions of interest (ROIs) per time window, selecting those voxels showing a greater response to deviant over standard tones in either the threat or safe condition at an alpha level b 0.05 (uncorrected). This first step served to substantially reduce the number of voxels upon which comparisons were made between threat and safe conditions. Accordingly, within these ROIs exclusively, we performed paired t tests contrasting source power ratios between threat and safe conditions for each time window. We defined as differentially greater activation by threat relative to safe conditions clusters of at least 2 contiguous voxels with an average Student t statistic exceeding an alpha level of 0.05. Nonparametric Spearman correlation analyses were conducted to identify activations within the ROIs showing positive correlations with self-reported anxiety levels across threat and safe conditions. Difference volumes (threat condition minus safe condition) were generated and modeled against self-reported anxiety difference scores (threat minus safe self-reported anxiety). Again, we defined as statistically significant correlated activations clusters of at least 2 contiguous voxels in spatial extent with an average Spearman r statistic exceeding an alpha level of 0.05. Note that the use of spatial extent to define significant activations was arbitrary in both analyses and served the practical purpose of simplifying the results.
Results
Subjective anxiety
A 2 (condition) × 2 (run) repeated-measures ANOVA revealed a main effect of condition on self-reported anxiety, F(1, 19) = 47.96, p b 0.001, but no main effect of run or condition by run interaction, Fs b 1. Participants reported more anxiety during the threat of shock condition (mean ± S.E.M., 4.65 ± 0.56) relative to the safe condition (0.60 ± 0.25). Three participants reported equal anxiety across the threat and safe conditions, with 2 reporting zero anxiety levels in both conditions. These participants were excluded from the following source analyses that focused on how anticipatory anxiety modulated neural responses to stimulus deviance. Table 1 lists structures exhibiting a differential response to stimulus deviance between threat of shock and safe conditions across five time windows relative to stimulus onset. In the earliest time window (0 to 100 ms), enhanced responses to stimulus deviance under threat of shock were primarily found in posterior regions of the brain including several local maxima in the cerebellum. Left amygdala activation was also observed in the earliest time window but appeared to increase between 50 and 150 ms (Fig. 1) . After 100 ms, there was evidence of right auditory cortical activation, particularly in BA 22 and BA 42, with the former peaking earlier than the latter (Fig. 2) . Inferior parietal, precentral gyral and insular cortical activations were also found in the right hemisphere after 100 ms. Several activations related to stimulus deviance were observed in the left hemisphere after 100 ms: middle temporal cortical, superior frontal gyrus, inferior frontal gyrus, precuneus, and dorsomedial prefrontal cortical activations. We also found that no auditory cortical regions in either hemisphere showed greater activity to stimulus deviance in the safe relative to threat condition.
Event-related beamformer analyses
Regions showing greater differential activity in the threat of shock condition that were positively correlated with differential anxiety levels are presented in Table 2 . These regions were predominantly right-lateralized in the early windows and then leftlateralized in the later windows. Superior temporal structures in both hemispheres showed positive correlations with anxiety level, including BA 41 (extending into inferior parietal cortex) in the right hemisphere and BA 22 in the left hemisphere (Figs. 3A-B) . Two notable medial temporal structures, right amygdala and left posterior parahippocampal gyrus (extending into the cerebellum), also showed greater differential activity across threat and safe conditions that was related to a greater differential anxiety level (Figs. 3C-D) .
Discussion
We studied neural responses to auditory stimulus deviance in healthy participants during a state of anticipatory anxiety. Anticipatory anxiety was generated by informing participants that they could receive electric shocks at any time during 30-s threat periods but not during 30-s safe periods. Under both conditions, participants were presented repetitive pure tones in which occasional frequency deviants were embedded. Eventrelated beamformer analyses were conducted to estimate the volumetric distribution of source power across the brain, to primarily identify regions showing potentiated responses to stimulus deviance under threat of shock. Based on findings in PTSD of a larger MMN than healthy controls under normal resting conditions (Morgan and Grillon, 1999) , we hypothesized that right auditory cortical regions would show greater activity to stimulus deviance in healthy participants under threat of shock than safe conditions, accompanied by activity in structures related to evaluation of threat. Results yielded support for both of these hypotheses.
Source analyses revealed greater right superior temporal (BA 22, 42) and inferior parietal cortical activations to frequency deviants as participants anticipated unpredictable electric shocks compared to safe conditions (Fig. 2) . These activations peaked 150-300 ms following the onset of the deviant auditory tones consistent with the temporal properties of the MMN and MMNm, and their locations generally fit with previous dipole modeling studies of the MMN and MMNm and related FMRI studies finding primarily right temporal and parietal cortical sources (Levanen et al., 1996; Marco-Pallares et al., 2005; Molholm et al., 2005; Opitz et al., 2002) . Further, there is evidence from human intracranial recordings suggesting that BA 42 is the primary substrate mediating echoic memory processes and BA 22 is involved in integrating these memory processes with new afferent signals (Kropotov et al., 2000; Liasis et al., 1999) . Our results suggest that these components of the neural substrate of the MMN and MMNm did, indeed, show potentiated responses under threat of shock conditions, suggesting a common interpretation to the finding in PTSD (Morgan and Grillon, 1999) . Heightened vigilance, whether by experimentally-induced anxiety or by chronic anxiety, sensitizes the individual to changes in the auditory environment, which may in turn facilitate auditory discriminative processes.
While threat of shock elevated right auditory cortical activity to stimulus deviance more uniformly across participants, correlation analyses showed that activity in the left auditory cortices was governed more by individual differences in anxiety level. Those who reported greater differential anxiety in the threat condition relative to the safe condition tended to show a greater differential response in auditory association areas (BA 22) in the left hemisphere, although only in the few most anxious participants were there greater responses to stimulus deviance under threat than safe. This same relationship was true for right auditory structures (BA 41) prior to 150 ms post-stimulus onset, suggesting that higher anxiety levels were associated with earlier engagement of right auditory processes under threat. A modulation of early auditory processes by threat of shock is not unprecedented as auditory brainstem potentials have been shown to be potentiated by a very similar manipulation of anticipatory anxiety (Baas et al., 2006 ). In the current study, participants reported, on average, a medium anxiety level to threat of shock. We would predict, by extrapolation of the observed relationships, that a stronger manipulation of threat might reveal a more bilateral pattern of potentiated auditory cortical responses to stimulus deviance.
Source analyses revealed two activations that suggest stimulus deviance reflected a more salient, potentially threatening event under threat of shock: an early left amygdala activation and Regional activations were defined as at least 2 contiguous voxels with the probability of the average correlation coefficient b0.05 (uncorrected).
Coordinates are in Talairach space (in mm) and were identified based on the automated Talairach Daemon (Lancaster et al., 2000) . BA = Brodmann Area.
later right insular activation. Both of these structures have been implicated in central regulation of aversive-motivational processes, and shown to be activated during a similar instructed threat procedure (Phelps et al., 2001) . Whereas the amygdala plays a critical role in evaluation of threat and initiation of behavioral and autonomic components of fear responses (Davis, 1992; LeDoux, 2000) , the posterior insula is a major cortical structure that receives visceral feedback and processes pain signals from peripheral systems (Peyron et al., 2000; Sawamoto et al., 2000) . These results indicate that healthy participants might be reacting to a change in auditory stimulation under threat of shock as a potential signal of imminent shock delivery, leading to the triggering of anticipatory processes related to pain. We should note that the reliability by which MEG can capture signals from relatively deep sources, such as the amygdala, is not currently known. Recent MEG studies using adaptive beamformers (Luo et al., 2007) and inverse source methods (Ioannides et al., 2000; Moses et al., 2007) have presented credible empirical evidence by using tasks that are known to involve the amygdala (e.g., facial expression processing, Pavlovian fear conditioning; Adolphs, 2002; Davis 1992) . Nevertheless, the current findings based on event-related beamformer analyses require replication. Not only did we observe an early left amygdala response to stimulus deviance, we also found some evidence of a right amygdala response in the more anxious participants. Correlation analyses revealed both right amygdala activity and left posterior parahippocampal gyral activity to be positively correlated with self-reported anxiety, further suggesting activation of systems related to evaluation of threat to stimulus deviance in the threat condition (Figs. 3C-D) . Interestingly, these correlations emerged in the later time windows (i.e., after 150 ms), suggesting that these structures were engaged in the more anxious participants only after stimulus deviance was detected. On the contrary, the left amygdala activation was observed early enough (i.e., 50-150 ms) to be potentially contributing to the greater auditory cortical response under threat of shock. We have no evidence bearing on this issue, but leave it as an important issue to be addressed in the future by studying the linear and nonlinear synchronization of activity across these regions.
An intriguing aspect of activation of structures involved in evaluation of threat stems from the fact that there was no relationship between the type of auditory stimuli and the shock. The pattern of neural responses exhibited during threat of shock suggests that deviant stimuli were treated as potentially meaningful events. It would be highly adaptive that neural mechanisms involved in the early detection of environmental changes increase their sensitivity during a state of anticipatory anxiety. From an evolutionary perspective, the cost of overreacting to meaningless changes in the environment is little compared to the potential cost of missing a warning signal. This is a tentative interpretation of the present findings that no doubt requires further substantiation. Moreover, one of our underlying assumptions motivating this study is that threat of shock elicits a state of anticipatory anxiety in healthy participants that adequately models essential properties of chronic anxiety as seen in PTSD. While our results converge with Morgan and Grillon's (1999) finding in PTSD, it is critical that we establish a common set of structures that show potentiated responses to stimulus deviance in PTSD and in healthy participants under threat of shock. Finally, it is equally important to demonstrate with further research the interrelationships of these structures with the temporal unfolding of these neural processes to understand how this putative network mediates sensitization of stimulus deviance during a state of anticipatory anxiety.
